Background: Occupational exposures are known risk factors for lung cancer. Role of
Impact:
Our study exemplifies an integrative approach using pathway-based analysis to demonstrate the role of genetic variants in occupational exposure-related lung cancer susceptibility.
Introduction
Lung cancer is the most common cancer worldwide; with an estimated 1,600,000 new cases and 1,380,000 deaths annually (1, 2) . The most important risk factor for lung cancer is tobacco smoking; with over 90% of lung cancer in men attributed to smoking (3, 4) . In addition, environmental and occupational risk factors also contribute to the burden of lung cancer. The attributable fraction for lung cancer from occupational exposures has been reported to be as high as 7.9-16.5% in men and 1.4-4.5% in women (5-7) with asbestos, diesel engine emissions and other mixtures of polycyclic aromatic hydrocarbons, crystalline silica, arsenic and some heavy metals being some of the major contributors (8) . The mechanism by which occupational exposures contribute to increased lung cancer risk is not well understood but the suggested mechanisms, which likely differ between carcinogenic agents, include DNA damage, chronic increase in inflammatory cytokines or growth factors, or due to impairment in DNA repair (7) .
There is evidence to suggest that inherited genetic factors influence the development and progression of lung cancer. A family history of lung cancer in a first-degree relative is associated with a significantly increased risk of lung cancer (relative risk [RR], 1.95) (7) . This association is stronger in never-smokers than in current smokers. Recent genome-wide association (GWA) studies of lung cancer have shown variations at 15q24-25.1 as a determinant of increased lung cancer risk (9) (10) (11) . A second lung cancer locus has been identified through the GWA studies at 5p and includes the genes encoding TERT and CLMPTL1. In addition to these loci, there is evidence implicating loci at 6p, 13q and 22q as a risk factor for lung cancer (12) (13) (14) .
Although GWA studies have been successful in identifying genes or loci associated with disease, the identified variants only explain a small proportion of the overall genetic variance (15) . Geneenvironment interactions may account for the missing heritability of the complex diseases (16) .
Genetically determined host factors may also play an important role in the pathogenesis of lung cancer associated with exposure to occupational risk factors. However, data looking at the complex interplay between genetic factors and exposure to occupational agents is limited.
Possible mechanisms by which occupational exposures can interact with genetic variations leading to increased lung cancer risk include carcinogen detoxification, activation of carcinogens, and the processes of DNA damage and repair. We used the data generated in the framework of a recent GWA study to identify interactions of genetic variants and occupational exposures in lung cancer risk based on the INCO-Copernicus study. As part of this analysis, we studied gene-environment (G x E) interactions at both SNP and gene level. Pathway-based approach complements single SNP analysis by examining the cumulative contribution of functionally related genes or loci with an outcome, thereby incorporating biological knowledge into the analysis (17, 18) . Therefore, we also performed pathway-based analysis to provide insight into possible biological associations. (19, 20) . The International Agency for Cancer Research (IARC; Lyon, France), was responsible for the overall coordination of the study. The study population comprised of all newly diagnosed lung cancer cases (age < 75 years) at the participating hospitals. A comparable group of hospital-based subjects (community-based in one of the Polish centers) matched by gender and age formed the control arm of the study. Eligible subjects (cases and controls) must have resided in the study area for at least 1 year before recruitment and the interview had to be conducted within three months of diagnosis. Patients with smoking-related conditions or other cancers were not considered eligible. Case patients and control subjects underwent an identical in-person interview during which they completed a detailed questionnaire and provided blood samples. Occupational histories were collected by trained interviewers using semi-structured questionnaires. Exposure to 66 occupational agents were coded blindly of case/control status by local groups of experts, comprising industrial hygienists and occupational physicians, based on the detailed questionnaires and knowledge on working conditions in the study areas. For the purpose of this interaction analysis, ever-exposure was defined as employment for at least six months in a job entailing exposure above background level.
Materials and Methods

Study participants
Participants with missing occupational exposure data (n=647) and those failing quality control steps (n=404) as described below were excluded.
Genotyping and Quality control
Genotyping on 4578 subjects (1968 lung cancer cases and 2610 controls) was performed using Illumina Sentrix HumanHap300 BeadChip containing 317,139 SNPs (10, 21 control, pairs of individuals with an identity-by-state (IBS) value > 0.98 were considered to be indicative of a duplicate sample and from these pairs; one of the individuals was randomly removed from the data. Samples with more than 5% missing genotype were also excluded.
Additionally, samples whose reported sex did not match with the inferred sex based on the heterozygosity rate from the X chromosomes were removed (22) . Samples with less than 70% European ancestry as determined by STRUCTURE (23, 24) and high degree of relatedness (sibpairs and half-sib pairs, IBS > 0.50) were also excluded. Limited extent of population stratification as confirmed by principal components analysis was confirmed and outliers were removed (25) . SNPs with less than 95% completion rate or departure from Hardy-Weinberg equilibrium (HWE < 10 7 ) were also excluded.
SNP-based analysis
Single marker association analysis was performed for each exposure using an unconditional logistic regression model. The model included additive SNP effect, age, gender, smoking history, country/center, binary occupational exposure, disease risk score and interaction term for genotypes and exposure. The p-value of the interaction term was used to assess the significance of the interaction between genetic variants and occupational exposure and p-value ≤ 1 x 10 -5 was considered to be significant. The disease risk score was calculated for each exposure using history of exposure to other occupational exposures to estimate the probability of disease occurrence in the absence of the exposure (26) . All analysis was performed using PLINK (27) .
SNPs were mapped to associated genes using reference SNP location from UCSC Genome
Browser hg18 assembly with ± 20 kb gene boundaries. 
Pathway-based interaction analysis
We used three complementary pathway-analysis methods which are listed below. Pathways or gene sets were considered to be significantly enriched if the adjusted p-value or false discovery rate (FDR) was ≤ 0.05 using any one method or, unadjusted p-value ≤ 0.05 using at least two methods. canonical pathways (including from KEGG, BioCarta and Reactome) collected from the MsigDB database were used to annotate pathways. Gene-set p-value < 0.0001 was considered to be significant (0.05/880 = 0.000056 on calculating FDR).
Results
Patient characteristics
A total of 3527 participants (1802 lung cancer cases, 1725 controls) were included in our analysis; their baseline characteristics are reported in Table 1 . The mean age of the study participants was 60.1 ± 9.1 years and there was no difference in mean age between cases and controls. Cases had higher percentage of males (77.5% vs 72.4%; p<0.0001) as compared to controls. As expected, there was a marked difference between cases and controls in smoking habits. 71.3% of lung cancer cases had non-small cell lung cancer with squamous cell cancer (42.5%) forming the predominant histological type followed by adenocarcinoma (22.6%).
Percentage of cases and controls with ever exposure to each occupational agent is listed in Supplementary Table S1 . Seventeen established or suspected lung carcinogens that were included in our analysis include arsenic, asbestos (amphibole and chrysotile), metals (arsenic, cadmium, chromate, chromium, nickel and their compounds), chlorinated solvents, diesel engine emissions, organic dust and silica (brick dust, cement dust, concrete dust, respirable free crystalline silica and sand). In addition, 49 other occupational agents with a possible relation to lung carcinogenesis were also included in this analysis.
SNP-based association analysis
After quality control, 312605 SNPs were included in our analysis. The SNPs which showed SNPs within a region on chromosome 15 with 13 SNPs mapped to the gene MYO9A.
Gene-based association analysis
Genes with G x E interaction p-values ≤ 1 x 10 -4
for each occupational exposure are listed in 
Pathway-level interaction analysis
The most significant pathways (p-value ≤ 0.05 after adjusting for multiple comparisons) related to interaction analysis between genetic variants and each occupational exposure is reported in Tables 3 & 4 interactions at the SNP and gene levels, their pathway-based approach did show significant associations (38) in the immune function regulation-related pathways. Our study also demonstrates significant gene-environment interactions in immune system pathways for many exposures such as heavy metals and petroleum products, but not for asbestos.
Our study looked at gene-environment interactions for nearly 70 occupational exposures and has important implications as research in this area till now has been limited. We used both SNPbased and gene-based association methods as both have their own advantages and disadvantages.
SNP-based method can identify significant loci with only a small number of significant SNPs but may miss detecting SNPs with weak marginal effects, but a strong joint effect. Gene-based analysis may identify these genes with more than one causative variants with marginal levels of significance that are often indistinguishable from random noise in the initial SNP-based GWAS results (28) .
One limitation of gene-environment interaction studies is the need for larger sample size and more than 10,000 case-control pairs may be required to detect significant interactions (39) . Of the hundreds of published GWASs, few have reported significant SNP-level gene-environment interactions (40) . Current GWAS design may not provide enough statistical power to detect interactions at the single SNP level, as it mainly focuses on the main effect of a SNP. This is especially true for analysis of rare variants with weak main effects that may not be detectable in the analysis of genetic marginal effects only (41) . Therefore, we included occupational exposures for which main genetic effects have not yet been elucidated also in our analysis. As our study is exploratory and hypothesis-generating, we used less stringent threshold p-values for significance after correcting for multiple comparisons. In addition, as SNP-based or genebased associations may miss markers that may contribute additively and incrementally to cancer risk by participating in common pathways and networks underlying disease susceptibility, we performed pathway analysis to identify potential biological causal pathways (17, 18) . There is limited agreement about the optimum methods to identify top ranked pathways. Studies have compared different pathway analysis methods and have found only a modest degree of overlap between top pathways chosen by each method (42, 43) . Since different pathway analysis methods can produce different results using the same data set, it is recommended to use more than one method when examining pathway associations with disease risk (42, 43) . Therefore, we used three different but complimentary pathway analysis methods with different approaches to pathway analysis.
Our results suggest that polymorphisms related to pathways involved in signal transduction (especially MAPK, Wnt and TNGR), immune response and metabolism of exogenous agents may increase individual's risk to lung cancer on being exposed to certain occupational agents.
While the genes involved in these pathways have been shown to be involved in lung cancer pathogenesis (44) (45) (46) (47) (48) , data showing the association of these pathways in relation to interactions between genetic polymorphisms and occupational exposures is lacking. Our study is one of the first studies to identify this relationship and further studies in this area are needed. Also, although we only studied potential lung carcinogens in the occupational settings, our results can potentially be extrapolated to individuals with history of exposures to these agents in other settings, like at home or in the environment. 
One main concern of a gene-environment study is the potential to misclassify environmental or exposure variable which can impact power and generate bias. A major strength of our study is that it was designed specifically to measure occupational exposures and detailed occupational exposure assessment was done by local expert panels using detailed semi-structured questionnaires. Another strength of our study is that we conducted analysis at the levels of SNPs, genes and pathways, thereby reducing the chance to miss weaker associations without compromising on adjustments for multiple testing. One limitation of our study is that it does not include validation of the results using an independent dataset. This is mainly because detailed occupational data is not usually collected as part of GWA studies in lung cancer and therefore, we did not have access to similar datasets to replicate our findings. Also, due to limited sample size, we were unable to perform stratified interaction analysis by level or duration of exposure, histology, gender or country. However, with 1802 lung cancer cases and 1725 controls, the sample size in our study was at least similar if not larger than major published lung cancer GWA studies. Another potential limitation of our study is that although cases and controls were matched during initial study enrollment, this may not be applicable to the genotypic analysis as subjects were excluded before performing the GWA analysis using quality control criteria. We used unconditional logistic regression for analysis which does not account for preferential sampling through the cases. However, unconditional logistic regression has been reported to be robust to gene-environment correlation (49) . In addition, there is no single method that has been validated to outperform other methods for gene-environment interaction analysis (39) . In addition, an important limitation of the pathway-based approach for GWA analysis is the incomplete annotation of the human genome (3232). Also, the pathway analysis methods used in Author Manuscript Published OnlineFirst on January 12, 2015; DOI: 10.1158/1055-9965.EPI-14-1143-T our study have not been compared with each other previously to ascertain the degree of overlap in detecting significant associations using these methods.
In conclusion, our study exemplifies an integrative approach using SNP-based, gene-based and pathway-based analysis to demonstrate that genetic variants may play an important role in determining an individual's susceptibility to lung cancer in response to occupational exposures.
Our results suggest that pathways related to signal transduction, immune processes and xenobiotic metabolism may contribute to this increased susceptibility: they should be interpreted as hypothesis-generating and request validation in independent datasets. Our study also showed that although pathway-based approaches may help in elucidating potentially important associations and causal pathways for gene-environment interaction analyses. 
